do not segregate to the same daughter nucleus, resulting in repair events that necessitate loss of all inforConclusions: These data suggest two related phenomena: an intrachromosomal association that holds the mation telomere-proximal to the break. In support of this, studies on ␥-irradiated cells suggest that a cell with halves of a single broken sister chromatid together in metaphase and an interchromosomal force that tethers a broken chromosome can generate several progeny, each having undertaken a distinct repair event [14]. broken sister chromatids to each other and promotes their missegregation. Strikingly, the interchromosomal Previously, we showed that cells expressing the checkpoint protein Ddc1 fused with GFP exhibited a association of DNA breaks also promotes the missegregation of centromeric chromosomal fragments, albeit to single focus of fluorescence when a DSB was induced in the middle of a chromosome, despite the fact that a lesser extent than acentric fragments. The DNA breaktwo broken ends were produced [15]. This result suginduced missegregation of acentric and centric chromogested that the ends of the broken chromosome are some fragments provides a novel mechanism for the held together during a checkpoint arrest in metaphase, loss of heterozygosity that precedes tumorigenesis in consistent with recent data from the Rothstein laboramammalian cells.
Introduction chromatid as an "intrachromosomal" association, and the association between the homologous ends of two A dsDNA break (DSB) is a particularly severe type of broken centric (or acentric) sister chromatid fragments DNA lesion because it results in the loss of chromosomal as an "interchromosomal" association, as illustrated in continuity. When a chromosome has been severed, one Figure 6A . We do not yet know whether these associaof the two fragments generated lacks a centromere, and tions are directly mediated by protein or nucleic acid or whether they represent electrostatic, topological, or endonuclease to generate an irreparable break in hapor cells arrested with the microtubule depolymerizing agent nocodazole (Figures S1A and S1B). loid yeast cells. We undertake a genetic dissection of the factors required for intrachromosomal fragment asIn all three samples, Ͼ95% of cells had foci and of these, Ͼ90% exhibited only one Ddc2-GFP focus per sociation following an HO break, and we find that the Rad52 and Rad50 proteins are required but Ku80 is not. nucleus ( Figure S1C and data not shown). We previously observed that ‫%7ف‬ of cells exhibit at least one Ddc2-Next, we examine the impact of intra-and interchromosomal associations on the ability of broken chromo-GFP focus in the absence of induced damage [15] , suggesting that cells exhibiting two foci in this experiment somes to segregate faithfully in mitosis. We find that interchromosomal associations reduce the segregation have undergone spontaneous DNA damage in addition to the HO break. These data suggest that the intrachrofidelity of acentric and, to a lesser extent, centric fragments. These studies suggest that broken chromomosomal association between centric and acentric fragments is not permanently disrupted by replication of the somes are genetically unstable due to defects in chromatid segregation that are caused-at least in part-by broken chromosome. This interpretation is consistent with recent data showing that, whereas there is transient the DNA repair machinery itself.
separation of ends during replication, the broken ends associate in metaphase [16] .
Results
In order to examine whether DNA repair factors mediate the intrachromosomal association of broken frag-RAD50 and RAD52 Help to Maintain ments, a chromosomal tagging method was used to an Intrachromosomal Association visualize DNA proximal to an HO break in living cells.
between the Ends of Broken Chromosomes
This alternative approach was required because repair It has been previously demonstrated with GFP fusions mutants exhibit elevated damage rates that increase the and chromatin immunoprecipitation experiments that prevalence of spontaneous Ddc1 and Ddc2 foci and the checkpoint proteins Ddc1 and Ddc2 localize to prevent the identification of specific damage sites [15] . dsDNA breaks (DSBs) [15, 17] . These proteins therefore When multiple repeats of the LacI repressor binding serve as in vivo markers for broken chromosome ends.
site, LacO, are integrated into the genome of cells also When an HO-catalyzed DSB was induced in asynchroexpressing a GFP-LacI fusion protein, a focus of GFP nous cells at either of two locations within chromosome is seen at the locus containing the LacO repeats [18]. VII, only a single focus of Ddc1-GFP fluorescence was
A strain was generated harboring LacO arrays located observed [15] . This suggests that the two broken chroat a distance of 50 kb on both sides of the HO break mosome ends generated by a DSB did not diffuse apart site (at the SRM1 locus). This strain allowed analysis of but were held in close proximity to each other. the association of broken DNA ends regardless of the We wished to determine whether the intrachromosoaccumulation of spontaneous damage in repair mutant mal association between a pair of broken fragments backgrounds. First, the distance between linked GFPwould be permanently disrupted by passage through S LacI foci was measured in wild-type cells with and withphase. To this end, a strain was constructed harboring out an intervening DNA break. After growing cells in a galactose-inducible HO endonuclease and an HO raffinose, galactose was added to half of the culture in cleavage site near the SRM1 locus of chromosome VII.
order to induce the HO break. Nocodazole was subseThis break cannot be repaired because both sister chroquently added to both cultures in order to ensure that matids undergo cleavage at the same locus. Cleavage checkpoint-activated and undamaged cells would both of the HO site yielded chromosomal fragments of aparrest in metaphase. Six and a half hours after HO break proximately 320 kb (acentric) and 780 kb (centric) in induction, cells were photographed using a fluoressize. This strain was deleted for the endogenous HO cence microscope, and the separation distances besites found at the MAT, HML, and HMR loci on chromotween GFP-LacI foci were determined (Figure 1 ). To desome III to ensure that the broken chromosomal fragtermine the distance between unlinked arrays, this ments did not attempt recombination with these loci. experiment was repeated using a strain harboring one The broken DNA ends were visualized by use of Ddc2 of the HO break-linked arrays (telomere-proximal) and tagged with GFP. a LacO array on a different chromosome (III). In order to determine whether passage through S In the majority of cells containing two LacO arrays phase affects the intrachromosomal association of broflanking the HO site, either a single GFP-LacI focus or ken chromosomal fragments, cells were prearrested in two closely spaced GFP-LacI foci (less than 0.5 m G1 with ␣ factor, shifted from raffinose to galactose apart) were observed ( Figures 1A and 1B) . Cells with media in order to induce the HO break (2.5 hr), and then one focus likely represented cells in which two foci were released from ␣ factor to allow transit through the cell too close to be resolved because these foci would often cycle. The G1 arrest was confirmed by FACS analysis split and rejoin if a single cell was tracked over several and HO cleavage was monitored by Southern blot (Figminutes (data not shown) . The presence of an intervenures S1A and S1B in the Supplemental Data available ing HO break had no detectable effect on the distance with this article online). By 6 hr after release from ␣ separating GFP-LacI foci. In both break-induced (ϩga-factor, cells had arrested in metaphase ( Figure S1B ) lactose) and uninduced (Ϫgalactose) cultures, approxiand were scored for the number of Ddc2-GFP foci per mately 11% of cells contained foci separated by greater nucleus by fluorescence microscopy. As a basis for than 0.5m ( Figure 1E ). In contrast, 65% of cells concomparison, control experiments were conducted in taining an HO break-linked array and an unlinked array (chr. III) exhibited two GFP-LacI foci separated by a parallel by inducing an HO break in asynchronous cells of rad50⌬ cells exhibited a loss of intrachromosomal association by this standard. It should be noted that Previous studies have shown that exonuclease activity at a DNA break site catalyzes resection of the 5Ј although the two GFP-LacI foci seen in rad52⌬ cells in Figure 2C sometimes appear in different compartments strand at the rate of ‫4ف‬ kb/hr [19] . In order to ensure that resection is not entering the LacO array sequences (the mother and the bud), these cells are still in metaphase, and sisters are still associated by cohesion. over the time course of our experiments, strains with a single LacO array adjacent to the break site were Therefore the presence of 2 foci always indicates loss of the intrachromosomal association (also see one array examined. This control also allowed confirmation that an HO break does not locally disrupt sister-chromatid experiment below). To confirm that loss of RAD52 does not cause a separation of GFP-LacI foci by generally cohesion. Loss of cohesion between arrays adjacent to a DSB would cause the LacO array on each of the two disrupting chromosome structure or condensation, we examined the separation distance between foci in nocosisters (normally appearing as one focus prior to anaphase) to give rise to two foci. Following the same protodazole-arrested cells without an HO break. We found no significant difference in the mean separation distance col as above, strains carrying either the centromere or telomere-proximal HO-linked array were analyzed for between GFP-LacI foci in undamaged RAD52 vs. [15, 16] . We were interested in the impact of the intrachromosomal association on the ability of broken chromosomal fragments to segregate through mitosis after adaptation to the damage checkpoint. If the intrachromosomal association observed between centric and acentric fragments persists through anaphase, it will allow an acentric fragment to segregate properly in mitosis despite lacking mitotic spindle attachment.
To assay the segregation of broken chromosomal fragments, strains were constructed containing a single LacO array located on either the centric or the telomeric side of the HO site, or on a different chromosome. All strains carried a temperature-sensitive allele of cdc7-1, which allowed synchronization of cells after budding at G1/S (see Experimental Procedures). To enable scoring of fragment segregation, all strains also contained a galactose-inducible, nondegradable version of the yeast cyclin Clb2 (denoted GAL-Clb2 db⌬ ). Overexpression of Clb2 db⌬ blocks mitotic exit and results in cell cycle arrest in anaphase after chromosome segregation [20] . A control strain was generated that lacked the HO break site and carried the unlinked LacO array. This strain was used to assess the frequency with which we were able to score segregation in our assay.
The experiment (outlined in Figure 3A ) was conducted as follows: asynchronous cultures underwent a double synchronization by inducing G1 arrest with ␣ factor prior to release into a cdc7-1 block at 35ЊC. After 1 hr, galac- chromosomes predominantly showed only one focus from its centric half, since the centric fragments segregate with much higher fidelity than the acentric fragin one nucleus, whereas cells with a marked acentric fragment contained equal numbers of missegregants ments (see below). Comparable levels of missegregation for the centric and acentric fragments were observed in with either one or two visible foci in one of the anaphase nuclei (data not shown). Consistent with this interpretacheckpoint-deficient (chk1⌬), as compared with CHK1, cells (data not shown). We should note, however, that tion, 4.5% of anaphase cells with the unlinked array did not show a focus in either nucleus.
whereas these data directly demonstrate that the acentric fragments cosegregate, we cannot say unequivoAmazingly, when this experiment was carried out in cells in which the LacO array was placed telomere-proxically that this is due to a physical association of the fragments. mal to the HO site, we found that the two acentric fragments segregated properly less than 5% of the time To ensure that acentric fragments did not cosegregate due to a NHEJ event, segregation of the acentric frag-( Figure 3E ). If sister chromatid cohesion were the only force holding sisters together, we would expect sister ment was analyzed in cells lacking DNA ligase IV. DNA ligase IV is strictly required for NHEJ. If acentric fragment LacO arrays on the acentric fragment to separate when cohesion is lost during the metaphase-to-anaphase ligation were occurring in our experimental system, then dnl4 mutants should not exhibit the highly penetrant transition and segregate randomly, resulting in proper segregation 50% of the time. The fact that acentric fragcosegregation of these fragments that we observed. When dnl4⌬ cells were examined in anaphase following ments segregated correctly Ͻ5% of the time suggests that an interchromosomal association between these an HO break, 97% of cells (n ϭ 217) exhibited cosegregation of the acentric fragment (data not shown). These broken fragments exists after metaphase. These data also suggest that at least one of the acentric fragments data indicate that cosegregation is not occurring due to NHEJ of the pair of acentric fragments. loses its intrachromosomal association and separates
The interchromosomal association between the acentric sister chromatid fragments might represent an unresolved recombination intermediate. Recombination is a futile process in this experimental system, because both fragments contain a break in exactly the same location and therefore neither has an intact template for repair. To explore the possibility that the acentric fragments were tethered by a recombination attempt, we deleted RAD52 and analyzed the segregation of the acentric fragment ( Figure 3E) . We found that the acentric fragment was now segregated properly approximately 13% of the time, approximately 3 times more than in RAD52 cells (p Ͻ 3 ϫ 10 Ϫ4 by chi-squared analysis). Loss of all associations between DSBs would lead to a theoretical maximum of 50% proper segregation by random assortment. These results implicate Rad52 in partially mediating the acentric fragment's missegregation; however, it is clear that other forces must also be contributing to the observed cosegregation of acentric chromosomal fragments.
Previous studies have shown that acentric plasmids segregate with a bias for the mother cell [21] . [Budding yeast cell divisions are asymmetric, such that the original cell body forms one progeny cell ("the mother"), and the bud forms a second progeny cell ("the daughter")]. To determine if segregation bias is characteristic of acentric chromosomal fragments, we looked for the presence of bias by using the distinct morphology of the ␣ factor-induced mating projection to identify the mother. Acentric fragments cosegregated equally well into either the mother or the daughter cell: for missegregation events in which the mother cell could be unambiguously identified, the two acentric fragments cosegregated into the daughter cell 55 out of 107 times (data If only a subset of the progeny of a mec1⌬ cell were able to repair the HO break, we would expect that the were captured 6-7 hr after shift to the nonpermissive temperature, a time point at which approximately 25% efficiency of repair in mec1⌬ cells would be lower than 50% (the observed plating efficiency) when repair is of cells had undergone adaptation. Ninety-six percent of adapted cells exhibited Ddc1-GFP foci, and of these, measured directly. For example, if all cells harboring a break divided to produce two progeny, and in half of approximately 20% contained one or more Ddc1-GFP foci at an intermediate position between the anaphase these divisions one of the two progeny underwent repair, then the repair rate would be 25% (because 25% of nuclei ( Figure 4E ). The mechanism of dsDNA break inthe total progeny succeeded in repair), but the plating duction differs in each of these three experiments; howefficiency would be 50% (because only one viable progever, the collective data support the hypothesis that eny is required to produce a colony). Likewise, if repair an interchromosomal association between sister centric takes place only after 2 divisions, then a repair event in fragments promotes missegregation by opposing the only one grandchild per original parent would yield a pulling force of the mitotic spindle.
12.5% repair rate. Repair was assayed directly by Southern blotting for the repair product over a time course Pedigree Analysis of Acentric after break induction ( Figure 5C ). Although repair occurs Fragment Maintenance with the same kinetics in wild-type and mec1⌬ cells (6-8 To independently assay the segregation fidelity of chrohr), mec1⌬ mutants exhibit only a ‫%51ف‬ overall repair mosomal fragments, we performed pedigree analysis rate. This reduction in repair rate is not due to a requireon cells that had incurred an HO break that could only ment for Mec1 in SSA repair, because when mec1⌬ cells be repaired by a time-dependent process called singlewere arrested in nocodazole during break induction (to strand annealing (SSA). SSA is a repair process that can simulate checkpoint arrest), the repair rate was largely restored. These results suggest that the absence of occur in the rare situation in which a DNA break is checkpoint arrest is primarily responsible for the reducdaughter cell produced a colony; in 19 of the 37 cases, neither mother nor daughter produced a colony. The tion in repair rate observed for the mec1⌬ population. Because mec1⌬ cells divide several times before SSA frequency of successful repair in these more limited pedigrees appears higher than in the extended analysis can take place, only a small fraction of progeny cells may possess the acentric fragment and be able to repair. because it does not account for the fact that repair likely occurred after further cell divisions.
To characterize which cells in the lineage underwent repair, pedigree analysis was carried out in which mec1⌬
Combining data from all pedigrees, only 1 of 45 pedigrees produced both a viable mother and daughter, cells were manually separated at the first, second, andwhen they occurred-third cell divisions. Presumably, whereas 23 of 45 produced one viable mother or daughter cell. These data are consistent with our hypothesis arrest after the second division was due to the lethality of losing a chromosomal fragment. It was then determined that the acentric sister chromatid fragments are incapable of separating and therefore cosegregate into either whether each of the separated cells was able to form a colony (schematized in Figure 5B ). Eight pedigrees were the mother or daughter cell. In agreement with our microscopy data, there appears to be no bias with respect carried to the 8-cell stage, though not all pedigrees gave rise to 8 cells. There were no cases in which cells derived to whether it is the mother or the daughter that receives both fragments and completes repair. from both the mother and her first daughter produced colonies. There were 6 cases in which one cell derived from either the mother or its first daughter gave rise to Discussion Eukaryotic cells have developed an intricate system to a colony, yielding a 12% repair rate over all progeny (consistent with the 15% repair rate observed by Southensure that chromosomes associate, via their centromeres, with the mitotic spindle to segregate correctly ern blot).
In addition, more limited pedigrees were performed, in mitosis. However, when chromosomes are broken, large chromosomal fragments lacking centromeres are in which the mother and daughter were separated after the first mitosis and tested for the ability to form a colproduced. Because cells arrest prior to chromosome segregation, chromosomes can often be repaired before ony. Among 37 such lineages, there was only a single case where both mother and daughter cell gave rise to segregation occurs. If repair is slow, cells can adapt to the checkpoint arrest and passage the broken chromoa colony. There were 8 cases where only the mother cell produced a colony and 9 cases where only the some through mitosis. These broken chromosomes are either lost, or repaired after being segregated through several generations [10, 13, 14] . How these chromosomes are repaired is dictated, in part, by whether a daughter cell receives both halves of the broken chromosome. Here, we show that the two halves of a broken chromosome remain together through the duration of a checkpoint arrest in metaphase. However, we find that during anaphase, sister acentric fragments remain associated with each other and are both passaged into the same daughter cell. If both the centric and acentric halves of the chromosome segregate together into the same daughter cell, the broken chromosome can be repaired by any method previously available. However, if the acentric and centric Despite the fact that their studies examined associado not. This implies that the intrachromosomal association holding at least one of the two sisters together is tions between different chromosomes, we feel that the phenomenon observed by Lisby et al. [16] likely parallels disrupted in almost every anaphase, whereas the interchromosomal force holding the acentrics together is not the intrachromosomal association studied here because both of these experiments examine homology-independisrupted. If the intrachromosomal and interchromosomal associations were generated by the same mechadent associations. Our data reveal that Rad50 and Rad52 both mediate the intrachromosomal association nism, we would sometimes expect to see disruption of the force holding the acentrics together, resulting in their of fragments.
The interchromosomal association also differs from gated suggests that the association between broken ends is quite strong. DNA damage or the loss of telomere intrachromosomal associations in that, at least initially during metaphase, cohesin mediates interchromosomal integrity generates "lagging chromosomes" in a wide range of organisms [42, 43] . These structures are association of the fragments [37]. In humans, the cohesin subunit Smc1 is phosphorylated by ATM in rethought to represent the end-to-end fusion intermediates in bridge-breakage-fusion cycles. Our use of Ddc1-sponse to DNA damage [38, 39] . This phosphorylation might block cleavage of cohesins adjacent to DSBs dur-GFP to visualize a DSB allows us to rule out the possibility that we are examining cells that are undergoing ing the metaphase to anaphase transition. A perdurance of cohesion into anaphase could result in the interchrobridge-breakage-fusion cycles, as repair of the DSB by end-to-end fusion would cause loss of Ddc1-GFP localmosomal association that remains in the rad52⌬ strains. Alternatively, Smc1 phosphorylation may result in the ization. It has long been noted that chromosomes X-irradiated in interphase often appear in anaphase as degradation or removal of cohesin from the break site, in order to create access for repair proteins.
pairs of distinct chromosomal fragments that remain associated at their ends, consistent with there being an It is possible that the association between the two acentric fragments represents some form of covalent association between broken ends [44] . This opens the possibility that a subset of these bridged structures, attachment. However, such a repair event would need to be independent of DNL4. 
